Abstract-This paper presents a combined experimental and numerical simulation study of polydimethylsiloxane (PDMS) pneumatic micropumps. The micropumps consist of three pneumatic PDMS membranes, one pump chamber, and two check valves. In particular, two flow stoppers in fluidic channel corresponding to the check valves can avoid back flow, and increase the flow rate. The flow rates of the micropumps have been tested under operational parameters including varied applied pneumatic pressures and pumping frequencies. A maximal flow rate of 449 μL/min is achieved at the driving frequency of 25 Hz and applied pressure of 15 psi. The numerical simulation using COMSOL software verified that the experimental results have a consistent trend for flow rate variation with respect to frequency and the peak flow rate at an optimal frequency.
INTRODUCTION
Microfluidic systems have been widely used in a range of fields including analytical chemistry and biomedicine, with the advantages of reduced sample consumption, faster analysis and response time, as well as increased automation and system integration [1, 2] . Transporting complex fluids precisely and safely makes micropumps essentially important, micropump devices using different actuation mechanisms have been reported [3] . Pneumatic micropumps with good controllability can make the microfluidic device simple and inexpensive, promising its application in the disposable microfluidic diagnostic systems [4] . The periodic motions of the diaphragms cause serial changes in the fluid volume and pressure in the pneumatic micropump chambers [5] .
The fabrication of micropumps using soft polymers or elastomers has been more attractive in the last decade. With the advantages of the lower material and fabrication costs, these soft materials allow the possibility for disposable devices, and compared to conventional materials used in microfabrication, such as silicon, the polymer-based materials have the impressive durability. Moreover, polydimethysiloxane (PDMS), as one of these soft materials, offers excellent optical transparency and biocompatibility. So far, most of high flow rate micropumps are utilizing the piezoelectrically driven method [6, 7] , and the micropump chips with piezoelectric ceramics cost more money. Moreover, fundamental studies in investigating the complex fluid-structural interaction arising from these flexible materials have not been undertaken. This paper presents a combined experimental and numerical simulation study of PDMS pneumatic micropumps. The numerical simulation verified that the experimental results have a consistent trend for flow rate variation with respect to frequency and the peak flow rate at an optimal frequency.
II. MATERIALS AND METHODS

A. Chip Structure
PDMS-based pneumatic micropumps are shown in Fig. 1 . Briefly, the micropump is composed of three structural layers from bottom to up: a glass substrate, a bottom PDMS control layer to introduce compressed air for pneumatic actuation, and a top PDMS fluid layer with the fluid channel connecting to one inlet and one outlet. The micropumps consist of three pneumatic PDMS membranes, one pump chamber, and two check valves. To measure the flow rates of the micropumps, the experimental setup is established as shown in Fig. 3 . It is composed of a control circuit, an air source and two electromagnetic valves (EMVs). The control circuit is a rectangular pulse generator to produce rectangular wave signals with a high potential of 24V and a zero potential to actuate EMVs. The air source is a mini air compressor connecting to a pressure regulator with gauge. The mini air compressor can export a continuous compressed air with a certain pressure to deflect the diaphragms of the pumps. Tygon tubes with an inner diameter of 1/16" are used to connect the inlet and outlet to measure the volume of fluid. Fig. 4 shows the test results of flow rate using type A micropump design versus different pressures and frequencies. According to Fig. 2 , the compressed air produced by the mini air compressor fills up the air chambers to deflect the membranes upward between the air chambers and the liquid microchannel. The first and smaller membrane also behaves as a check valve to prevent liquid backflow. The liquid is then pumped forward along the channel in one direction. In order to evaluate the performances of the pneumatic micropump, the two crucial operating parameters including the driving air pressure and the pneumatic actuation frequency are explored experimentally. The type A micropump were tested with three compressed air pressures: 5, 10 and 15 psi. For each pressure, the pneumatic actuation frequency was varied, and ten different frequencies were adapted: 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 Hz.
C. Experimental Setup
III. RESULTS AND DISCUSSION
There is a peak value of the flow rates under each certain pressure, and the peak flow rates increase with the increase of applied compressed air pressure. The frequency at which the peak flow rate is observed is referred to as the optimal frequency. These results of flow rate variation with respect to pneumatic actuation frequency, with a peak flow rate at an optimal frequency, are similar to some of the previously reported pneumatic micropumps [8] . A maximal flow rate of type A micropump is 195 μL/min is achieved at the driving frequency of 35 Hz and applied pressure of 15 psi. In order to verify the experiment results of the micropump performance with the existence of a peak flow rate, a simulation was carried out using the MEMS module of COMSOL Mulitphysics TM . The MEMS module includes a fluid-structure interaction (FSI) interface to study the interaction between the fluid and the solid structure. Fig. 6 shows a typical simulation result of PDMS membrane displacement and the fluid velocity field under the control of 10 psi and 10 Hz, when the time is 0.024s. The membrane is pushed upward by the air pressure, at the same time, the fluid goes to the open boundary. The flow rate was calculated by integrating the velocity at the outlet boundary. Fig. 8 shows the comparison of the average experimental flow rate and simulation flow rate of type A micropump at 10 psi for a frequency ranging from 5 to 50 Hz. The simulation flow rates have a similar trend as that of the experimental results. Under a constant pressure, the flow rate increases with the increase of actuation frequency until a peak value of flow rate at an optimal frequency, and then the flow rate declines at higher frequencies. Both the simulation and experimental results have the same optimal frequency. In general the simulation flow rate results are higher than the experimental results, because the simulation model did not calculate the effects of pressure descent caused by the microfluidic connectors and the tygon tubes connected to the inlet and outlet of the micropumps. The simulation model also did not include the pressure descent caused by the air bubbles generated within the fluidic layer of the micropump.
IV. CONCLUSIONS
A combined experimental and numerical simulation study of polydimethylsiloxane (PDMS) pneumatic micropumps has been presented in this paper. With the use of inexpensive polymer PDMS as main material, the proposed micropumps consist of three pneumatic PDMS membranes, one pump chamber, and two check valves. In particular, two flow stoppers in fluidic channel corresponding to the check valves can avoid back flow, and increase the flow rate. The performance testing of the two micropump designs were achieved to determine the flow rate variation with respect to actuation frequency and actuation pressure. Under a constant compressed air pressure, the flow rate of micropump increased with increasing frequency until a peak flow rate was observed at an optimal frequency, and then the flow rate dropped for frequencies higher than optimal frequencies. The highest flow rate was observed in Type B micropump, with a peak flow rate of 449 μl/min at 15 psi and 25 Hz operating condition.
In order to better explain the experimental results of the micropump performance and to verify the trend of flow rate variation with pneumatic actuation frequency, a COMSOL simulation was carried out. The simulation and experimental results showed a consistent trend for flow rate variation with respect to frequency and the peak flow rate at an optimal frequency.
